Sea anemones produce a family of 18-20 kDa proteins, the actinoporins, that lyse cells by forming pores in cell membranes. Sphingomyelin plays an important role in their lytic activity, with membranes lacking this lipid being largely refractory to these toxins. The structure of the actinoporin equinatoxin II in aqueous solution, determined from NMR data, consists of two short helices packed against opposite faces of a b-sandwich structure formed by two ®ve-stranded b-sheets. The protein core has extensive hydrophobic interfaces formed by residues projecting from the internal faces of the two b-sheets.
Introduction
Sea anemones produce a family of toxins, the actinoporins, that function by forming pores in cell membranes.
1 ± 3 These highly basic proteins, with molecular masses in the range 18-20 kDa, display permeabilising activity in model lipid and cell membranes that is markedly enhanced by the presence of sphingomyelin. In contrast to bacterial pore-forming toxins such as staphylococcal a-toxin and the leukocidin family, 4 aerolysin and related toxins from Aeromonas, 5 colicins 6 and cholesteroldependent cytolysins, 7 there is little detailed information on the mechanism of action of these toxins. Actinoporins differ from these toxins in several respects: they are more potent, the pore they form does not have a stable structure and has not yet been visualized directly, and they are of smaller size and extremely stable towards proteolytic degradation. Indeed, the potency and properties of these cytolysins have prompted their evaluation as the toxic component of chimeric proteins targeted at tumour cells 8, 9 and human parasites. 10 The nature of their interaction with lipids in bilayer membranes and the speci®c role of sphingomyelin in pore formation are not understood at the molecular level.
In common with many pore-forming toxins, the actinoporins are highly water-soluble, stable proteins, and yet their only known activity is the formation of oligomeric pores in membranes. Early estimates that three to four monomers were required to form a functional pore 11, 12 have been supported by more recent data. 13 ± 15 Moreover, tetramers of the actinoporin sticholysin II have been observed in solution 16 and when crystallized on lipid monolayers. 17 The resulting pores have a radius of about 1 nm 13,15,}18 and are permeable to small molecules and solutes, with the resulting osmotic imbalance promoting cell lysis.
Sphingomyelin plays an important role in the lytic activity of the actinoporins. Bernheimer and colleagues showed that the haemolytic activity of a cytolysin from Stoichactis (now Stichodactyla) helianthus was inhibited by pre-incubation with sphingomyelin and that treatment of erythrocyte membranes with sphingomyelinase rendered them resistant to lysis by this toxin. 19, 20 Furthermore, a toxin-ferritin conjugate was observed by electron microscopy to bind to liposomes containing sphingomyelin but not to those containing only phosphatidylcholine. 20 More recent studies with sticholysins I 14 and II 15 on model membranes have con®rmed that sphingomyelin enhances lytic activity and also suggested that cholesterol may have a minor role. 15 A detailed study of the interaction of equinatoxin II (EqTII) with model membranes 21 showed that the toxin could bind to large unilamellar vesicles containing phosphatidylcholine but the association was reversible and did not involve major conformational changes. The presence of sphingomyelin enabled irreversible insertion and pore formation, which were associated with major conformational changes. Some EqTII-induced leakage was observed from large unilamellar vesicles containing only phosphatidylcholine and cholesterol, again suggesting a contribution of this lipid to actinoporin cytolytic activity, albeit a much less signi®cant one than that of sphingomyelin. Fluorescence studies of EqTII binding to lipid vesicles showed that association was markedly enhanced by the presence of sphingomyelin. 22 Equinatoxin II, the subject of this paper, is a 179-residue, 19.8-kDa cytolysin isolated from the Mediterranean anemone Actinia equina L. 23 It is essentially identical with tenebrosin-C, a cytolysin isolated from the Australian red waratah anemone Actinia tenebrosa, 24 and the ®rst of this class of toxins to be sequenced in full; 25 tenebrosin-C has a variant S177T and EqTII a variant P81D. 26 EqTII and tenebrosin-C show a high degree of sequence similarity (>60 %) to cytolysins of Stichodactyla helianthus, Heteractis magni®ca and other sea anemones. 1,2,27 ± 29 The structure was predicted to be predominantly b-sheet but with helices at the N and C termini. 25 This mix of b-sheet and helical structures has been con®rmed by various spectroscopic analyses, including CD 26, 30, 31 and IR. 21, 32 There is evidence of a slight conformational change upon binding to the membrane in EqTII and related actinoporins. CD and FTIR studies both detected small increases in b-sheet and a-helical content at the expense of random structure in the presence of unilamellar vesicles. 18, 31, 33 Somewhat surprisingly, recent IR studies 21 found a decrease in a-helical content and a signi®cant increase in b-sheet in large unilamellar vesicles consisting of 1:1 phosphatidylcholine and sphingomyelin. Using Cys-scanning mutagenesis, Anderluh et al. 34 concluded that at least two regions of EqTII became embedded in lipid membranes, the N-terminal region (residues [13] [14] [15] [16] [17] [18] [19] [20] and the Trp-rich region (residues 105-120). The partition of the Trprich region was supported by a recent study using single Trp mutants. 32 Our goal is to determine a high-resolution structure for EqTII both in solution and in a membrane environment. We also wish to elucidate the structural basis for its interaction with sphingomyelin, which appears to be a necessary constituent of membranes susceptible to lysis by EqTII, and to understand how it oligomerises to form pores. Here we describe its structure and dynamics in aqueous solution, and the effects of pH and temperature. The structure provides the basis for interpretation of a large body of physicochemical data in the literature, as well as a starting point for experiments designed to probe its interaction with lipid membranes.
Results

Structure determination
Essentially complete, sequence-speci®c, backbone and side-chain assignments for the 1 ; theoretical mass 19,819). As the linewidths and relaxation data (see below) were also consistent with a monomer, NMR restraints were interpreted on this basis.
The ®nal structure set was calculated with CNS 36 after ®nal NMR constraints were derived iteratively using DYANA. 37 The ®nal family of 20 structures was selected after energy minimisation in a box of water using the OPLSX non-bonded parameters of Linge & Nilges. 38 Parameters characterising the ®nal 20 structures and structural statistics are summarised in Table 1 , and a superposition of the ®nal 20 structures is shown in Figure 1 Figure 1 were superimposed over the backbone atoms N, C a and C of residues from the b-sandwich. PROCHECK 39 analysis of the NMR ensemble indicates that 83 % of the ordered residues lie in the most favourable regions of the Ramachandran plot while for all residues 72 % lie in these regions. The data in Table 1 show that the ensemble of NMR structures is energetically reasonable and has acceptable covalent geometry.
The less well-de®ned regions of the structure, residues 1-6, 79-82, 110-111 and 134-138, are thus mainly because of incomplete resonance assignments. At the N terminus the incomplete assignments re¯ect a lack of NOEs for residues 1-6, which in turn probably arises because this region is¯exible and extends away from the rest of the molecule. A dearth of NOE restraints for Glu134 and Glu135, particularly the latter, accounts for the poorer de®nition around residues 134-138, but the relaxation data presented below indicate that this segment is no more¯exible that the rest of the protein. Missing assignments for Asp78 and Asp109 affect the regions 79-82 and 110-111, respectively. Other than the N terminus, only residues 79-82 appear to owe their poorer de®nition to greater exibility, as described below.
Description of structure
As illustrated in Figure 2 , the structure consists of two short helices packed against opposite faces of a b-sandwich type structure formed by two ®ve-stranded b-sheets. The core of the protein has extensive hydrophobic interfaces formed by residues projecting from the internal faces of the two b-sheets. The N-terminal helix (a1, residues 15-26) packs against a b-sheet formed by strands b1 (32-40), b3 (69-75), b8 (150-154), b9 (158-165) and b10 (170-177). Strand b1 lies between b3 and b10 and is antiparallel to b3 but parallel to b10, while b8, b9 and b10 are antiparallel. The second short a-helix, a2 (129-134), lies between strands b6 and b7 and is approximately normal to the antiparallel b-sheet formed by strands b2 (46-53), b4 (86-94), b5 (98-106), b6 (115-124) and b7 (143-145). The hydrophobic surface of helix a1 and Leu14 make contact with the non-polar face of the b-sheet. Leu19 and Leu23 in helix a1 are almost entirely buried and make contact with residues on strands b1, b3 and b10 while Val22 makes contacts with Ala34 and Asn74 on b1 and b3, respectively. Likewise, helix a2 is anchored to the sheet by interactions involving Asp129 and two tyrosine residues, Tyr51 and Tyr122, projecting from strands b2 and b6, respectively.
The locations of the ®ve Trp and 11 Tyr residues are also shown in Figure 2 (a). The indole rings of Trp112, 116 and 149 are exposed to solvent whereas those of Trp45 and 117 are buried. A remarkable feature of the surface of EqTII is the presence of several clusters of aromatic side-chains, as illustrated in Figure 2 (a). In the eight-residue loop connecting strands b5 and b6 there are four highly solvent-accessible aromatic residues, Tyr108, Tyr110, Trp112 and Tyr113, while projecting from a2 are Tyr137 and Tyr138.
EqTII is a highly basic molecule, with 11 Lys and ten Arg balanced by ten Asp and ®ve Glu. Two views of a GRASP representation of the molecular surface (Figure 2(b) ) re¯ect this, with a predominance of positive potential evident. In particular, there is one major cluster of positively charged side-chains centred on Arg53, 120, 152 and Lys123, 159, 178, and a smaller one nearby involving the tripeptide sequence Lys125-Arg126-Arg127. As discussed below, both the aromatic and positively charged regions of the surface may play a role in membrane interactions of EqTII.
While this manuscript was in preparation, the crystal structure of EqTII at 1.9 A Ê resolution was published. 40 The two structures are in close agreement, with an RMSD of 2.68 A Ê over the backbone heavy atoms of residues 5-179 and 1.57 A Ê over the 145 residues judged to be structurally closest by the structure comparison program TOP 41 (residues 8-57, 62-79, 83-95, 97-111, 113-123, 129-131, 141-153, 156-162, 164-166, 168-179). The ®rst four residues were not de®ned in the crystal structure, in agreement with our observation that the N terminus is disordered in solution. The most signi®-cant difference between the NMR and X-rayderived structures lies between residues 134-138 located in the loop connecting strands b6 and b7 and containing helix a2. Two residues in this region, Glu134 and Glu135, have few long-range restraints and consequently are poorly ordered in solution. In the crystal structure 40 a2 residues pack against the corresponding region in a crystallographic symmetry-related molecule, and this may have some effect on the structural order in this region of the crystal structure. Generally, however, the secondary structures agree well, having the lowest RMSD.
Dynamics
As shown in Figure 3 N T 1 and T 2 values of 762 ms and 77 ms, respectively, correspond to an effective correlation time of 9.6 ns on the assumption of isotropic overall reorientation, consistent with values for proteins of similar size that are also monomeric. 42 As the goal of these measurements was simply to identify¯exible regions of the structure, a more detailed analysis of these relaxation data was not undertaken.
A total of 71 backbone amide protons was identi®ed in a 2D HSQC spectrum recorded two days after dissolution in 2 H 2 O at 20 C. Of these, 24 gave weak peaks and are classi®ed as having intermediate exchange rates and the remaining 47 gave strong peaks consistent with slow exchange, as shown in Figure 3 ; for the purpose of discussion these 71 amides are considered as a single group. Many of these 71 amides are from regions with ordered secondary structure, but a signi®cant number are from loop regions. Several continuous sequences of slowly exchanging amide protons are observed, including residues 32-41, 88-94, 97-106 and 139-145 (allowing for the presence of Pro142), which correspond to b-sheet strands 1, 4 and 5, as well as b-strand 7 and the region immediately pre- 
ceding it. These four regions are also characterised by their high hydrophobicity, with sequences of non-polar residues spanning positions 33-37, 86-94 and 100-104 and 136-140.
Six of the C-terminal ten residues are also slowly exchanging, indicating that the C-terminal b-strand (b10) is tightly associated with the bulk of the structure. By contrast, of the ®rst 30 residues, only 13, 18 and 24 are slowly exchanging, con®rming that this region of the protein, which includes the a1 helix, is less tightly associated with the rest of the structure.
The longest internal loop in the structure spans residues 124-146 and encompasses the a2 helix and the short b7 strand. The relaxation data indicate that it is not undergoing fast internal motions (on the picosecond to nanosecond time scale) relative to the rest of the protein. The observation that nearly half of the backbone amides from this region are in slow exchange with solvent indicates that it is also rigid on the millisecond to second time scale. Amide protons with slow or very slow exchange rates are also found in other regions lacking ordered secondary structure, for example residues 13, 61 and 65.
Effects of temperature and pH
One-dimensional 1 H NMR spectra of 0.1 mM EqTII at pH 5.5 showed that the structure was unchanged up to 65 C but unfolded between 65 and 75 C to give a spectrum with no ®ne structure or shifted resonances. After cooling to 25 C the spectrum was consistent with a mixture of native and denatured protein, indicating that thermal denaturation is only partially reversible. 1D spectra of a 0.2 mM solution showed no evidence of conformational changes over the pH 2.5-7.3 at 25 C. At higher pH values the protein began to aggregate. 2D NOESY spectra of a 1 mM solution showed that the native structure was retained down to pH 2.5. At pH 1.8 initial 1D spectra were consistent with a mixture of native structure and a partially denatured state. Over a period of two days 1D spectra showed a steady decrease in the content of native structure (to less than a third of its initial level). The two conformations of the protein at this pH were in slow exchange on the NMR time scale, with clearly distinct sets of resonances being observed. The possibility that the initial spectrum at pH 1.8 represents a single state of the protein containing some elements of native structure cannot be ruled out entirely, but seems less likely given that the location and number of the dispersed resonances were similar to that seen at higher pH values. A mixture of native and nonnative conformations of the protein, with a slow transition from the former to the latter is the more likely scenario. The non-native state exhibited limited spectral dispersion but not the sharp reson- 63 The potential is displayed over the range <À8k b T and >8k b T, where k b is the Boltzmann constant and T the temperature.
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ances normally associated with a random coil; moreover, it gave strong NOESY cross-peaks. These properties are consistent with a molten globule structure for the acid-denatured state, although they could also be accounted for by an unfolded and aggregated form of the protein.
When the pH was raised to 2.0 the initial 1D spectrum was similar to the ®nal spectrum at pH 1.8 and there was only slight recovery of the native spectrum over a further two days. At pH 2.3 recovery was still incomplete. N frequency À60.81 MHz. Gaps in the data arise mainly from peak overlap in the 2D spectra. This is the case for residues 78 and 79, which precede the apparently¯exible Gly80; residue 81 is a proline. The data shown are from a single set of measurements in each case, with an estimated accuracy of better than 10 %. 
Discussion
The structure of EqTII in aqueous solution is well-de®ned except for a few residues at the N terminus, and, according to both backbone 15 N relaxation data and backbone amide exchange measurements, relatively rigid. In this section we compare the EqTII structure with related structures and consider how the structure might change as it makes the transition from a water-soluble, monomeric protein to an oligomeric, membrane-bound pore.
Related structures
Database searches using Dali 43 and VAST 44 show that the most similar structure to EqTII is thaumatin (Dali Z score 3.2, PDB code 1thv). Thaumatin is a sweet-tasting protein that is not known to form pores, but it shows sequence similarity to plant``pathogenesis-related'' proteins (PR-5 group) which do. 45 One interesting but distantly related protein (Z score 2.4, PDB code 1svb) is domain I of the envelope glycoprotein from tick-borne encephalitus virus. 46 The envelope glycoprotein lies parallel to the viral surface and domain I, a ninestranded b-barrel, lies on the exposed viral membrane face. Helix a1 of EqTII lies on the structurally equivalent b-sheet, so a mechanism of pore formation in which this helix penetrated the membrane and the b-sandwich lay on the membrane surface anchored by aromatic residues, as discussed below, would strengthen this similarity. There is some overall structural similarity between thaumatin and the envelope glycoprotein but the positions of solvent-exposed aromatic residues are not maintained across the three structures.
Another membrane-active protein, perfringolysin O, also shows weak structural similarity to EqTII (Z score 2.3, PDB code 1pfo). As noted by Athanasiadis et al.
40
, domain IV of perfringolysin O is similar to EqTII and essential for membrane interactions. Other proteins not known to be membrane-active, such as a papain complex (Z score 2.8, PDB code 1stf-I) and major sperm protein msp (Z score 2.5, PDB code 1msp-A), also have weak similarity to EqTII.
Interaction with membranes
In the transition from monomeric, water-soluble EqT II to a functional pore at least two steps must occur: binding of the protein to the surface of the membrane and subsequent oligomerisation to form a channel. Changes in the structure of the toxin could occur upon initial association with the membrane and then again as the membrane-bound monomer associates to form the pore. CD and FTIR studies detected small increases in b-sheet and a-helical content at the expense of random structure in the presence of unilamellar vesicles. 18, 31, 33 Using Cys-scanning mutagenesis, Anderluh et al. 34 concluded that at least two regions of EqTII became embedded in lipid membranes, the N-terminal region (residues [13] [14] [15] [16] [17] [18] [19] [20] and the Trp-rich region (residues 105-120). The importance of the N-terminal helix to pore formation is emphasized by truncation studies, 47 with truncated analogues lacking ®ve or ten N-terminal residues having 89 and 31 % of native haemolytic activity, respectively, and an analogue lacking 33 N-terminal residues having none.
A large patch of positive electrostatic potential formed by the surface-exposed residues Arg120, Lys123, Arg152, Lys159 and Lys178, together with the contiguous sequence Lys125-Arg126-Arg127, (Figure 2(b) ) may assist the interaction of EqTII with charged regions of the lipid head groups. A separate and smaller patch of positive electrostatic potential is centred on Lys30 and Arg79 (Figure 2(b) ). Of even greater interest is the abundance of Tyr and Trp residues on the surface of EqTII, as these residues are well known to play a role in anchoring proteins in the hydrocarbonwater interface region of the membrane, 48 possibly via interaction with the carbonyl groups of the acyl chains. As shown in Figure 2 (b), Tyr110, Trp112, Trp113 and Trp116 form one cluster on the surface, and Tyr137 and Tyr138, possibly with a contribution from Tyr133, another. One or both of these aromatic clusters may anchor EqTII in the membrane, assisted by interactions of the positively charged side-chains referred to above with the charged region of the lipid head groups at the surface of the membrane. Associated with this interaction, the N-terminal helix could then penetrate the membrane, with three, or more likely four, helices lining the pore. With only 12 residues, the N-terminal helix is shorter than the 25 or so required to span a membrane in a helical conformation, but the ®rst strand of sheet does not commence until Lys32, so there is ample scope for formation of additional helix in the N terminus without disrupting the sheet, and small increases in helical content are observed upon membrane binding. 18, 31, 33 Indeed, EqTII may form a toroidal pore of the type proposed recently for magainin and melittin 49 and suggested for sticholysins I and II. 50 An alternative mechanism of pore formation derives from the structure of a-haemolysin, 51 a heptameric protein that forms trans-membrane pores consisting of a 14-stranded antiparallel b-barrel with two strands contributed by each monomer. In the case of EqTII, such a trans-membrane pore could consist of four b-hairpins, one from each monomer, encompassing residues 118-142, with a turn around residue 130 and¯anked by sequences 107-118 and 142-148. The hairpin would include b-strands 6 and 7 and helix a2, and would require a more signi®cant conformational rearrangement upon membrane binding than the model described above, with the b-strand 6 having to unzip from the b-sheet to form the hairpin. The putative b-hairpin does, however, incorporate the Tyr/Trp-rich region.
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Conformational stability
Following the reasoning that conformational changes seen upon association with lipid membranes may resemble to some degree those in the aqueous state of EqTII under mild denaturing conditions, several studies have been carried out. Poklar et al. 30 found that EqTII maintains its native conformation at pH 5.5-6.0 and <60
C, but at higher temperatures undergoes a collapse of tertiary structure and an incomplete denaturation of secondary structure. At pH 2.0 the low-temperature initial state is already partially denatured, while at pH 1.1 and <60 C, EqTII exists in a stable aciddenatured compact state with the characteristics of a molten globule (absence of de®ned tertiary structure, increase in a-rich secondary structure, high af®nity for ANS). More recently, the structure was found to be stable between pH 7 and 2, but below pH 2 a native-to-partially unfolded transition occurs. 52 Above 50 C, the acid-induced denatured state of EqTII reversibly denatures to a more unfolded state.
Is it possible that partially folded states of EqTII contribute to its pore-forming ability? Our NMR studies con®rm that the molecule undergoes a conformational transition at low pH to a state with properties consistent with those of a molten globule; around pH 2 this transition occurs over a period of days. The molten globule is attractive as a potential intermediate in membrane binding as it retains secondary structure but has a loosened overall structure. An interesting comparison may be drawn with the pore-forming domain of colicin A, a water-soluble bacterial toxin. The apparent pK for its insertion into membranes is around 4.8 but in solution it forms a molten globule with a pK around 2.7. 53 It eventuates that the pH at the surface of negatively charged vesicles differs by up to 1.6 units from that of the bulk solution because of the electric surface potential, 53 and this is suf®cient to implicate the molten globule state of colicin A in membrane binding. EqTII shows maximum lytic activity around pH 8-9, although an increased membrane interaction around pH 4 was noted. 13 The population of the acidic molten globule state at pH 8-9 would be small but it would be interesting to assess the activity of EqTII mutants in which formation of the molten globule was favoured.
The role of sphingomyelin in pore formation remains to be elucidated. It seems clear that the presence of sphingomyelin is not an absolute requirement for lytic activity of the actinoporins, but it signi®cantly enhances this activity. Whether this is the result of a direct interaction between EqTII and sphingomyelin, favouring the membrane-bound and/or oligomeric forms of the protein, remains to be established, but NMR studies of the interaction between EqTII and water-soluble analogues of sphingomyelin should de®ne the nature of this association. An alternative explanation is that EqTII may prefer to bind to lipid rafts in biological membranes, which are known to contain sphingolipids and cholesterol. 54 Thus, the physical environment within these lipid rafts may be conducive to EqTII binding and oligomerisation without the need for any speci®c interaction between EqTII and sphingomyelin.
Materials and Methods
NMR spectroscopy
EqTII was prepared in an Escherichia coli expression system 55 and uniformly labelled with 15 N or 13 C and 15 N as described. 35 Spectra were recorded on VARIAN Unity Inova 600 and 800 spectrometers and a Bruker DRX-600, all equipped with triple-resonance gradient probes. Protein concentration was $1 mM, the pH 3.9, and the probe temperature 30 C. DQF-COSY, TOCSY and NOESY spectra were acquired on an unlabelled protein sample, both in H 2 O and 56 NMR data were processed with the VNMR software and analysed using XEASY. 57 1 H, 15 N and 13 C assignments have been deposited in the BioMagResBank database{ with accession number 4797. 15 N { 1 H} Heteronuclear NOE, T 1 and T 2 spectra 58 were recorded at 600 MHz.
Distance and angle restraints
Approximate inter-proton distances were derived from 2D-NOESY and 3D 13 C-and 15 N-edited NOESY spectra with mixing times of 120 ms. Backbone f constraints were determined from 3 J HNHA coupling constants determined from a HNHA spectrum 59 and c angles were restricted according to the value of the chemical shift of their C a resonance. 60 Residues that were not restricted according to their 3 J HNHA coupling constant were restricted in their f angle as described by Luginbu È hl et al. 60 or to negative f angles where the condition for a positive f angle was not met. 61 Hydrogen bond constraints were applied at a late stage of the structure calculation where there existed the characteristic NOE patterns observed for a-helices or b-strands. For each hydrogen bond constraint, upper limits of 2.3 and 3.3 A Ê were used for the distances from proton to acceptor and donor nitrogen atom to acceptor, respectively.
Structure calculations and analysis
Initial structure calculations and optimisation of experimental distance and angle constraints were performed using DYANA v1.5. 37 Interproton distances were derived from NOE peak volumes with the CALIBA module within DYANA. Once the ®nal set of experimental restraints had been obtained a new family of structures was generated using CNS v1.0 36 and re®ned using dynamic simulated annealing. The lowest 50 penalty function structures were selected from a calculation of 250 and minimised in a box of water using the OPLSX parameterisation. 38 Structural analysis was performed on the 20 structures with the lowest stereochemical energies, { (http://www.bmrb.wisc.edu) and PROCHECK_NMR 39 was used for assessment of their stereochemical quality. The structures had no experimental distance violations greater than 0.3 A Ê or dihedral angle violations greater than 5 . Structural Figures were created using MOLMOL. 62 
Atomic coordinates
Coordinates for the ®nal set of 20 structures have been deposited in the Protein Data Bank under accession number 1KD6.
